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ABSTRACT

Adipose-derived stem cells (ASCs) represent an important source of mesenchymal stem cells for
clinical application. During in vitro culture, ASCs quickly lose the expression of transcription factors
associated with pluripotency and self-renewal (Sox-2, Oct-4, and Nanog) and CXCR4, the key recep-
tor responsible for stem cell homing. To enhance their therapeutic potential despite in vitro pas-
sages, we examined whether ASCs exhibit superior regenerative capacity by expanding them in
monolayers following short-term spheroid formation. Spheroid-derived ASCs retained the expres-
sion pattern of cell surface markers and adipogenic/osteogenic differentiation capabilities of ASCs
constantly cultured in monolayers. However, spheroid-derived ASCs exhibited higher expansion
efficiency with less senescence. Moreover, spheroid-derived ASCs expressed significantly higher
levels of pluripotency markers, CXCR4, and angiogenic growth factors. Enhanced in vitro migration,
associated with the increased expression of matrix metalloproteinases (MMP-9 and MMP-13), was
also observed in spheroid-derived ASCs. The enhanced migration and MMP expression could be
inhibited by a CXCR4-specific peptide antagonist, AMD3100. Using a murine model with healing-
impaired cutaneous wounds, we observed faster healing and enhanced angiogenesis in the wounds
treated with spheroid-derived ASCs. Significantly more cellular engraftment of spheroid-derived
ASCs in the cutaneous wound tissue was also noted, with evidence of ASC differentiation toward
endothelial and epidermal lineages. These findings suggest that short-term spheroid formation of
ASCs before monolayer culture enhances their properties of stemness, angiogenesis, and che-
motaxis and thereby increases their regenerative potential for therapeutic use. STEM CELLS
TRANSLATIONAL MEDICINE 2013;2:584–594

INTRODUCTION

Adipose-derived stem cells (ASCs) represent an
abundant source of multipotent adult stem cells
that are easily obtained from subcutaneous adi-
pose tissue via minimally invasive procedures,
such as liposuction [1, 2]. Whereas only 0.001%–
0.002% of cells found in bone marrow are mes-
enchymal stem cells (MSCs), up to 1% of adipose
cells are estimated to be stem cells [3]. The abun-
dance and availability of ASCs have made them a
promising candidate for stem cell therapies in
many fields of regenerative medicine. The ex-
pression of pluripotency markers, such as Oct4
and Nanog, in MSCs has been shown to increase
their potential for proliferation and differentia-
tion while suppressing spontaneous differentia-
tion [4]. Hence, MSC expansion, without loss of
self-renewal capacity or differentiation poten-
tial, is essential for the successful clinical appli-
cation of these cells [5]. Human MSCs are

commonly cultured as monolayers using con-
ventional tissue culture techniques, but several
reports have demonstrated that in culture, such
methods exhibit deteriorating replication, de-
creased colony-forming efficiency, and de-
creased expression of pluripotencymarkers over
time [6, 7]. Moreover, the loss of the chemokine
response during in vitro culture results in homing
impairment and represents a substantial chal-
lenge for therapeutic application of ASCs [8].
CXCR4 and its ligand, stromal cell-derived fac-
tor-1 (SDF-1), are believed to be key players in
the transport of MSCs to injury sites and in the
migration of MSCs in vitro [9]. However, MSC
homing capabilities are greatly influenced by cell
culture conditions. As with the expression of plu-
ripotency markers, only early passages of MSCs
express CXCR4 and chemotactically respond to
SDF-1 [10].

Despite the abundance of ASCs that are pres-
ent in adipose tissue, culture-expanded ASCs are
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required formany clinical applications [11]. Therefore,maintain-
ing the expression of stemness markers and of CXCR4 during in
vitro expansion of ASCs has become an important issue. At-
tempts to increaseMSC stemness include forcing the expression
of Nanog or Sox2 defined genes [12] and treating cells with
growth factors such as bone morphogenetic protein 4 [13]. En-
hanced functional CXCR4 expression in ASCs involves transduc-
tion of MSCs with a retroviral vector encoding for CXCR4 [8] and
treatment of the cells with insulin-like growth factor [14]. How-
ever, thesemaneuvers, involving genetic transfection and chem-
ical stimulation, may also adversely affect the cells and thus cre-
ate safety concerns for clinical use.

In contrast to monolayer culture, culturing MSCs as three-
dimensional (3D) aggregates causes substantial changes in the
pattern of gene expression [15–17]. We previously reported for-
mation of spheroid human ASCs with upregulated pluripotency
genes, includingOct4, Sox2, andNanog, on chitosan films.More-
over, ASCs within these spheroids were more resilient in serum-
free culture conditions. In a nude mouse model, we found that
transplantation of ASC spheroids in place of dissociated cells in-
creases cellular retention rates [18]. These findings are in line
with other reports that identify aggregation of mesenchymal
stem cells as a procedure to enhance their therapeutic potential,
including anti-inflammation, angiogenesis, and homing to injury
sites [15–17]. Although the use of 3D spheroid culture methods
holds promise in the field of cell therapy, it is not clear whether
the cells within spheroids can retain their regenerative capabili-
ties if the 3D culture environment is disrupted by further cell
expansion in monolayers.

This study aimed to develop a straightforward and effective
method of biomaterial-mediated short-term spheroid formation
to increase the regenerative capabilities of ASCs for clinical ap-
plication. Our results show that ASCs within spheroids can be
further expanded in monolayer culture and exhibit superior bio-
logical properties in terms of stemness, angiogenesis, and che-
motaxis. Moreover, administration of expanded spheroid-de-
rived ASCs in a murine model of impaired cutaneous wound
healing enhanced tissue regeneration as compared with treat-
ment with cells derived from constant monolayer culture.

MATERIALS AND METHODS

Cell Harvest and Cell Culture
Primary ASCs were isolated by abdominoplasty from five female
donors with an average age of 42 years (range, 30–57 years) and
an average body mass index of 24.8 kg/m2 (range, 21.0–26.6
kg/m2). The study protocol was approved by the Internal Ethical
Committee of National Taiwan University Hospital. The adipose
tissuewas placed in a physiological solution (0.9%NaCl), washed
twice with phosphate-buffered saline (PBS; Omics Biotechnol-
ogy, Taipei, Taiwan, http://www.omicsbio.com.tw), and finely
minced. The scraped adipose tissue was then digested with 1
mg/ml collagenase type I (Gibco, Carlsbad, CA, http://www.
invitrogen.com) solution at 37°C in agitation for 60 minutes. The
cells were expanded on tissue culture polystyrene (TCPS; Greiner
Bio-One, Frickenhausen, Germany, http://www.greinerbioone.
com) in medium consisting of Dulbecco’s Modified Eagle’s Me-
dium: Nutrient Mixture F-12 (DMEM/F12) (HyClone, Logan, UT,
http://www.hyclone.com), 10% fetal bovine serum (FBS; Biolog-
ical Industries, Kibbutz Beit Haemek, Israel, http://www.bioind.

com), 1% antibiotic-antimycotic (Biological Industries), and 1
ng/ml fibroblast growth factor-2 (FGF-2; R&D Systems Inc., Min-
neapolis, MN, http://www.rndsystems.com). Third-passage
ASCs were plated onto chitosan film at a density of 2.50 � 104

cells per cm2 using a previously described method [18]. The cul-
ture medium consisted of DMEM-high glucose (HG; Gibco), 10%
FBS, and 1% antibiotic-antimycotic. The culture medium was re-
freshed every 2–3 days. After 7 days of culture, ASC spheroids
formed on chitosan films were dissociated by repeated pipetting
in HyQtase (HyClone) solution, transferred to new TCPS, and ex-
panded for 7 more days before cell harvest for further experi-
ments (spheroid-derived ASCs). We used ASCs that were con-
stantly cultured on TCPS as the control (monolayer ASCs).

Flow Cytometry Analysis
To determine cell surface antigen expression, the ASC samples
were incubated with the following antibodies: human monoclo-
nal antibodies against CXCR4 (Abcam, Cambridge, MA, http://
www.abcam.com), CD31 (BD Pharmingen, San Diego, CA, http://
www.bdbiosciences.com), CD34, CD44, CD73, CD90 (all from
BioLegend, San Diego, CA, http://www.biolegend.com), CD105
(eBioscience, San Diego, CA, http://www.ebioscience.com), and
CD166 (BioLegend). The samples were analyzed using a flow cy-
tometer (FACScan; Becton, Dickinson and Company, Franklin
Lakes, NJ, http://www.bd.com). Positive cells were determined
as the proportion of the population with fluorescence greater
than 95% of the isotype control. For apoptosis assay, after expo-
sure to 300 �M H2O2 for 3 hours, spheroid-derived and mono-
layer ASCs were stained using an Annexin V-fluorescein isothio-
cyanate apoptosis detection kit (Strongbiotech, Taipei, Taiwan,
http://www.strongbiotech.com) according to the supplier’s in-
structions. Cells were analyzed on a flow cytometer and gated
according to forward scatter, side scatter, and their ability to
exclude propidium iodide (PI). Annexin V-negative and PI-nega-
tive cells were considered survival cells.

Differentiation of Human ASCs
Adipogenic differentiation was induced in DMEM-HG supple-
mented with 10% FBS, 1% antibiotic-antimycotic, 500 �M
3-isobutyl-1-methylxanthine (Sigma-Aldrich, St. Louis, MO,
http://www.sigmaaldrich.com), 1 �M dexamethasone (Sigma-
Aldrich), 10 �M insulin (Sigma-Aldrich), and 400 �M indometh-
acin (Sigma-Aldrich). After 7 days, the expression of an adipo-
genic representative gene, PPAR-�, was analyzed by real-time
polymerase chain reaction (PCR). Monolayer and spheroid-de-
rived cells were also fixed in 4% paraformaldehyde and stained
with Oil Red O (Sigma-Aldrich) to observe lipid droplets. Osteo-
genic differentiationwas induced by culturing ASCpopulations in
DMEM-HG supplemented with 10% FBS, 1% antibiotic-antimy-
cotic, 10 nM dexamethasone, 50 �M ascorbic acid 2-phosphate
(Sigma-Aldrich), 10 nM 1�,25-dihydroxyvitamin D3 (Sigma-Al-
drich), and 10mM�-glycerophosphate (Sigma-Aldrich). At day 7,
the expression of an osteogenic representative gene,Runx2, was
analyzed by real-time PCR. Monolayer and spheroid-derived
ASCs were fixed in 4% paraformaldehyde and stained with aliza-
rin red S (Sigma-Aldrich) to observe mineralized matrix apposi-
tion.

Proliferation and Senescence Assay
ASCs derived from monolayer or spheroid cultures were seeded
at a density of 1,000 cells per cm2 on TCPS. Every 7 days, cells
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were lifted, counted, and replated. The process was repeated
until cells reached senescence. Moreover, cells were incubated
with 5-bromo-2�-deoxyuridine (BrdU) for 24 hours, and BrdU in-
corporation was then assayed according to the instructions of
the cell proliferation enzyme-linked immunosorbent assay
(ELISA) kit (Roche, Indianapolis, IN, http://www.roche.com). Cell
proliferation was estimated on the basis of the measurement of
BrdU incorporation during DNA synthesis in replicating cells.

For evaluation of senescencemarkers,monolayer and spher-
oid-derived ASCswere stainedwith fresh senescence-associated
�-galactosidase (SA-�-gal) chromogenic substrate solution. The
number of cells stained positive with �-galactosidase was calcu-
lated. For determination of lactate dehydrogenase (LDH) re-
leased by dead cells into themedium, a cytotoxicity detection kit
(Roche)was used at the indicated times bymeasuring the optical
density at 490 nm obtained from an ELISA plate reader (Molec-
ular Devices, Sunnyvale, CA, http://www.moleculardevices.
com).

In Vitro Scratch and Chemotaxis Assay
Monolayer and spheroid-derived ASCs were seeded in six-well
culture plates (Corning, Lowell, MA, http://www.corning.com),
and the well surface was gently scratched with a pipette tip,
creating a rectangular cell-free zone. After removal of culture
medium and detached cells, remaining cells were washed twice
with PBS and cultured for 10 hours. In somewells with spheroid-
derived ASC culture, a CXCR4 antagonist, 100 ng/ml AMD3100

(Sigma-Aldrich), was added in themedium. The cell images were
photographed under an inverted microscope (Nikon, Tokyo, Ja-
pan, http://www.nikon.com), and in vitro migration of cells into
a cell-free area was analyzed using ImageJ software.

Themigratory ability of monolayer or spheroid-derived ASCs
was determined using 8 �m pore size Transwell inserts (Corn-
ing). Briefly, ASCs in 100 �l of medium were seeded into the
upper well with or without 100 nM AMD3100, and 650 �l of
medium with or without 30 ng/ml SDF-1 (Sigma-Aldrich) was
placed in the lower well of a 24-well plate. Another group with-
out supplementation of AMD3100 and SDF-1 served as a control.
After 6 hours, cell migration through the membrane was as-
sessed by measuring fluorescence in the lower compartment
with 4�,6-diamidino-2-phenylindole (DAPI; Santa Cruz Biotech-
nology Inc., Santa Cruz, CA, http://www.scbt.com) staining un-
der a fluorescent microscope (Leica, Heerbrugg, Switzerland,
http://www.leica.com).

Reverse Transcription-PCR
Total RNAs of spheroid-derived and monolayer ASCs were ex-
tracted with TRIzol reagent (Invitrogen, Carlsbad, CA, http://
www.invitrogen.com) according to the manufacturer’s instruc-
tions. RNA concentration was determined by optical density at
260 nm (OD260) using a spectrophotometer (NanodropND-1000;
Thermo Scientific, Waltham, MA, http://www.thermoscientific.
com). Once RNA was isolated, complementary DNA (cDNA) was
synthesized from RNA using High-Capacity cDNA Reverse Tran-
scription Kits (Applied Biosystems, Foster City, CA, http://www.

Figure 1. Phenotypic characterization of ASCs derived from spheroid and monolayer cultures. (A): The ASCs were plated in monolayer or
spheroid cultures for 7 days, followed by replating in monolayer culture for an additional 7 days. The expression level of ASC surface antigens
was determined by flow cytometry and is shown as the proportion of positively stained cells relative to an isotype control. (B):Microscopic
images ofmonolayer and spheroid-derivedASCs cultured in adipogenic andosteogenic inductionmedia for 14 days. Cell cultureswere stained
with Oil Red O for detection of adipogenesis and alizarin red for detection of osteogenesis. Scale bars � 100 �m. (C): Real-time polymerase
chain reaction measurements for adipogenic and osteogenic marker genes (PPAR-� and Runx2, respectively) in monolayer and spheroid-
derived ASCs at day 7 of induction culture. No significant difference between the monolayer and spheroid-derived cells was noted. Abbrevi-
ation: ASC, adipose-derived stem cell.
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appliedbiosystems.com). The sequences of the gene-specific
primers are shown in supplemental online Table 1. Briefly, quan-
titative reverse transcription-PCRwas performed in triplicate us-
ing a StepOne Real-Time PCR system (Applied Biosystems). The
expression level was analyzed and normalized to glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) for each cDNA sam-
ple. Relative quantity of gene expression was calculated with
comparative CT method.

Quantifying Secreted Hepatocyte Growth Factor
Conditioned media of monolayer and spheroid-derived ASCs for
48 hours were analyzed using an ELISA kit for human hepatocyte
growth factor (HGF; Quantikine; R&D Systems). Data were ex-
pressed as the secreted factor per 105 cells at the timeof harvest.

Western Blot
The protein expression was determined at day 7 of cell culture.
Monolayer and spheroid-derived ASCs were resuspended in cell ly-

sis buffer and sonicated. After centrifugation, the protein content
was determined in the supernatants by a bicinchoninic acid protein
quantification kit (Pierce, Rockford, IL, http://www.piercenet.com).
Sixtymicrogramsof proteins fromspheroidsormonolayer cellswas
addedtoLaemmli samplebufferandboiled for10minutes.Proteins
were separated by sodiumdodecyl sulfate-polyacrylamide gel elec-
trophoresis andblottedontopolyvinylidenedifluoridemembranes.
Western blotwas performedusing anti-p21 (Cell Signaling Technol-
ogy,Danvers,MA,http://www.cellsignal.com), anti-matrixmetallo-
proteinase (MMP)-9, and anti-MMP-13 (both from Epitomics, Bur-
lingame, CA, http://www.epitomics.com), anti-Oct4 (Genetex,
Irvine, CA, http://www.genetex.com), anti-Sox2, anti-Nanog (both
fromR&D Systems), anti-CXCR4 (Abcam), anti-vascular endothe-
lial growth factor (VEGF; Epitomics), anti-HGF (Santa Cruz Bio-
technology), and anti-GAPDH (Epitomics). The membranes were
incubated with the primary antibodies overnight at 4°C. After
extensive washing, the membranes were further incubated with
horseradish peroxidase-conjugated secondary antibodies for 1

Figure 2. Spheroid-derived ASCs exhibited higher growth rate and lower senescence. (A): Cumulative population doubling curve of mono-
layer and spheroid-derived ASCs. Cells were plated at low density and passaged every 7 days. (B): LDH efflux assay of monolayer and
spheroid-derived ASCs after serum starvation for 1, 3, 5, and 7 days. At all indicated times during serum starvation, significantly less LDH
activity was observed in medium overlying the spheroid-derived ASCs. (C): SA-�-gal staining of monolayer and spheroid-derived ASCs after 7
and 21 days of culture revealed significantly more SA-�-gal-positive cells in the monolayer group. Scale bars � 100 �m. (D): Real-time
polymerase chain reaction andWestern blot analysis for senescencemarker p21 showed less p21 expression in spheroid-derived ASCs on day
7. �, p � .05 versus the monolayer condition at the same time point. Abbreviations: ASC, adipose-derived stem cell; LDH, lactate dehydro-
genase; SA-�-gal, senescence-associated �-galactosidase; RQ, relative quantity.
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hour. The blots were then developed using an enhanced chemi-
luminescence detection system (Millipore, Billerica, MA, http://
www.millipore.com).

In Vivo Wound Healing Model
At least four female nude mice (20–25 g body weight; National
LaboratoryAnimal Center, Taipei, Taiwan)wereusedper condition,
in accordance with the animal care guidelines of National Taiwan
University. On the day of surgery, two 9-mm round full-thickness
cutaneouswoundswere createdoneach side of the dorsalmidline.
Immediately after wounding, mitomycin C solution (1 mg/ml) was
applied for 10 minutes to create a healing-impaired wound [19].
Cultured monolayer or spheroid-derived ASCs (7.5 � 105 cells) in
100�l of PBSwere then subcutaneously injected around the dorsal
wound. The contralateral wound was injected with PBS only.
Wounds were circumscribed with donut-shaped silicone splints
held in place using 6-0 nylon sutures to preventwound contraction,
and then coveredwith a transparent, semiocclusive adhesivedress-
ing (Tegaderm;3M,St.Paul,MN,http://www.3m.com).Digitalpho-
tographs of the wounds were taken regularly, and the wound size
was estimated using planimetric methods (ImageJ).

Histomorphometric Examination and
Immunofluorescence
On postoperative days 7 and 14, the cutaneous wounds were har-
vested, including 0.5 cm of the surrounding skin area. Tissue speci-
mens were cut in the midline. One piece was snap frozen in liquid
nitrogen.The remainingpiecewas fixed in10%formalin solution for
paraffin-embedded histological analysis. Sectionswere cut perpen-
dicular to the anterior-posterior axis and perpendicular to the sur-
face of the wound. Paraffin-embedded sections were rehydrated
and stained with hematoxylin and eosin (Sigma-Aldrich). Sections
close to the center of the wounds were selected for determination
of the areaof granulated tissueby ImageJ software. Frozen sections
were fixed with acetone and stained with human nuclear antigen
(HNA; Millipore) to detect transplanted human cells. To determine
theproliferationofcapillaries inwounds, sectionsweresubjectedto
immunofluorescent staining with anti-CD31. Frozen sections were
stainedwithanti-Ki-67 (Abcam)todetectkeratinocyteproliferation,
andpancytokeratin (Abcam) for detecting epidermal cells. Toquan-
tify immunolabeled cells, DAPI counterstainingwasperformed, and
10 different images per slide from three different samples were
randomly analyzed.

Statistical Analysis
All measurements are presented as means � SD. Statistical sig-
nificance was evaluated using an independent-samples Stu-
dent’s t test or analysis of variance, followed by Scheffé’s post
hoc test. All statistical analyses were performed using STATA
software (StataCorp, College Station, TX, http://www.stata.
com). Statistically significant values were defined as p � .05.

RESULTS

Characterization of Spheroid-Derived ASCs
Spheroid formation was noted as human ASCs were cultured on
chitosan films for 7 days [18]. ASCs dissociated from 7-day-old
spheroids were further cultured on TCPS in monolayers for 7
days. The surface epitopes of these spheroid-derived ASCs were
similar to those of ASCs harvested frommonolayer cultureswith-

out previous experience of spheroid formation (monolayer
ASCs). These ASCs were negative for hematopoietic markers
CD31 and CD34 and were positive for MSC-related markers
CD44, CD73, CD90, CD105, and CD166 (Fig. 1A). Moreover,
spheroid-derived ASCs maintained their adipogenic and osteo-
genic differentiation capabilities after application of appropriate
induction media, as demonstrated by histology staining specific
for oil and calcium, respectively (Fig. 1B). Determination of rela-
tive gene expression levels by real-time PCR after adipogenic or
osteogenic induction showed no significant difference in tran-
scription levels for PPAR-� or Runx2 between spheroid-derived
and monolayer ASCs (Fig. 1C).

Spheroid-derived ASCs expanded more rapidly through pas-
sages compared with monolayer ASCs before reaching senes-
cence at roughly the same time point after initial seeding (Fig.
2A). LDH efflux assay revealed less cell death due to senescence
for spheroid-derived ASCs in a serum-free culture condition (Fig.
2B). In comparison withmonolayer cells, senescence, as assayed
by SA-�-gal staining, was also significantly decreased in spher-
oid-derived ASCs after 7 or 21 days of culture (Fig. 2C). However,
p21 protein, which is highly expressed in senescent cells, was
significantly downregulated in spheroid-derived ASCs on day 7,
but not day 21 (Fig. 2D).

Figure 3. Expression of stemness markers and angiogenic growth
factors in spheroid-derived ASCs. (A): Real-time polymerase chain
reaction measurements for pluripotency marker genes (Nanog,
Sox-2, and Oct-4) and angiogenic growth factors (HGF, VEGF, and
FGF-2) in monolayer and spheroid-derived ASCs. (B): Western blot
analysis of the expression of pluripotency markers and angiogenic
growth factors inmonolayer and spheroid-derivedASCs. (C):Release
of HGF frommonolayer and spheroid-derived ASCs into themedia as
determined by enzyme-linked immunosorbent assay. �, p� .05 ver-
sus the monolayer condition. Abbreviations: ASC, adipose-derived
stem cell; FGF-2, fibroblast growth factor-2; HGF, hepatocyte growth
factor; RQ, relative quantity; VEGF, vascular endothelial growth fac-
tor.
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Spheroid Formation Increased the Expression of
PluripotentMarkers, Angiogenic Growth Factors, and
CXCR4
The relativemRNAexpressionof pluripotency-associated transcrip-
tion factors Nanog, Sox2, and Oct4 and angiogenic growth factors,
including HGF, FGF-2, and VEGF, was analyzed by real-time PCR.
Spheroid-derived ASCs exhibited significantly greater expression
levels ofNanog, Sox2, andOct4with 2.7� 0.8-fold, 1.5� 0.1-fold,
and 2.2 � 0.6-fold increases, respectively, compared with mono-
layer ASCs. The HGF and VEGF transcription numbers were also
greater in the spheroid-derived ASCs, with 2.7� 0.2-fold and 1.2�
0.1-fold increases, respectively, over those of monolayer ASCs.
There was no significant difference in FGF-2 gene expression be-
tween the two groups (Fig. 3A). Western blot analysis also showed
greater Sox2, Oct4, Nanog, HGF, and VEGF expression in spheroid-
derived ASCs than for monolayer ASCs (Fig. 3B). ELISA analysis of
HGF levels in humanASC supernatants further confirmed the signif-
icantly greater expressionofHGF in spheroid-derivedASCs (Fig. 3C).

Flow cytometry revealed that 38.1 � 0.7% of spheroid-de-
rived ASCs were positive for the MSC homing receptor CXCR4,
and this ratio was significantly greater than that for monolayer
ASCs at 19.3 � 1.3% (Fig. 4A). Real-time PCR and Western blot
analysis also showed elevated CXCR4 expression in spheroid-de-
rived ASCs (Fig. 4B). BrdU incorporation assay revealed signifi-
cantly enhanced proliferation in spheroid-derived ASCs, and we
found that adding the CXCR4 antagonist, AMD3100, decreased
BrdU incorporation to levels comparable to those of monolayer
ASCs (Fig. 4C). We used flow cytometry to examine cellular apo-

ptosis/necrosis in spheroid-derived and monolayer ASCs after
exposure to H2O2. The survival ratio of spheroid-derived ASCs
was significantly higher relative to monolayer ASCs, and it de-
creased after treatment with AMD3100 (Fig. 4D).

Spheroid-Derived ASCs Exhibit Enhanced Chemotactic
Response In Vitro
Spheroid-derived ASCs exhibited significantly increased MMP-9
and MMP-13 gene expression, with estimated 3.9 � 0.3 and
6.6 � 2.0-fold increases, respectively, compared with those for
the monolayer ASCs. Addition of AMD3100 to the culture me-
dium inhibited the enhancement in MMP expression, and this
finding was confirmed by Western blot analysis (Fig. 5A). Both
spheroid-derived andmonolayer ASCs were subjected to in vitro
cell migration assay by scratching confluent cells with a pipette
tip and completely removing the resulting debris by repeated
washing. After 10 hours, images of cells were analyzed;we noted
that migrated cells in the spheroid-derived group had covered a
significantly larger area (80.3� 5.8%) compared with themono-
layer ASCs (60.5 � 5.7%). Supplementing the culture medium
with AMD3100 revealed a reduction in the cell coverage area of
the spheroid-derived ASCs to 71.5 � 0.6% (Fig. 5B). Spheroid-
derived and monolayer ASCs were also subjected to Transwell
chemotaxis assay toward the CXCR4 ligand, SDF-1. Even without
adding SDF-1 to the lower wells, we found significantly more
migrated cells in the spheroid-derived group, with a 2.9 � 0.2-
fold increase relative to the monolayer group. The migrated cell
number for spheroid-derived ASCs showed a significant 5.1 �

Figure 4. Enhanced CXCR4 expression in spheroid-derived ASCs. (A): Flow cytometric analysis of a stem cell homingmarker, CXCR4, revealed
significantlymore CXCR4-positive cells in ASCs that had experienced spheroid cultures. (B): Real-time polymerase chain reaction andWestern
blot analysis showed higher CXCR4 expression in spheroid-derived ASCs comparedwithmonolayer cells. (C):Monolayer and spheroid-derived
ASCs were incorporated with BrdU for 24 hours and then detected by enzyme-linked immunosorbent assay, which indicated proliferative
activity. The significant increase of BrdU incorporation in spheroid-derived ASCs could be reversed by adding a CXCR4 antagonist, AMD3100.
(D): The percentages of viable monolayer and spheroid-derived ASCs after exposure to H2O2 were determined by flow cytometry measuring
propidium iodide uptake and annexin V-fluorescein isothiocyanate labeling. The ratio of survival cells was significantly higher in the group that
had undergone short-term spheroid culture, and the ratio decreased after addition of AMD3100. �, p � .05 versus the monolayer condition;
#, p � .05 versus the spheroid � AMD3100 condition. Abbreviations: ASC, adipose-derived stem cell; BrdU, 5-bromo-2�-deoxyuridine;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; RQ, relative quantity.
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0.2-fold increase if the lowerwell was supplementedwith SDF-1,
whereas no significant difference was seen in the monolayer
group despite supplementation with SDF-1. The enhanced che-
motaxis of spheroid-derived ASCs toward SDF-1 was eliminated
by adding AMD3100 to the culture medium (Fig. 5C).

Tissue Regeneration Is Enhanced in Skin Defects Seeded
With Spheroid-Derived ASCs via Angiogenesis and
Differentiation
To assess the regenerative capability of spheroid-derived ASCs in
vivo, we used a murine model with impaired cutaneous wound
healing induced by topical treatmentwithmitomycin [19]. Treat-
ing the wounds with spheroid-derived ASCs resulted in a signifi-
cantly smaller wound area by postwounding day 10 compared
with treatment with monolayer ASCs or PBS (Fig. 6A). The histol-

ogy of the wound sections showed a significantly greater area of
granulated tissue in wounds treated with spheroid-derived ASCs
(Fig. 6B). Moreover, significantly more proliferative marker Ki-
67-labeled cells were present in wound sections treated with
spheroid-derived ASCs (supplemental online Fig. 1).

To further investigate ASC engraftment and angiogene-
sis, we performed immunofluorescent staining of HNA and
CD31 in wound sections at postwounding days 7 and 14 (Fig.
7A). Wounds treated with spheroid-derived ASCs exhibited a
significantly greater number of transplanted ASCs (HNA-pos-
itive cells) compared with the monolayer group (7.8 � 2.6
ASCs per high-power field vs. 3.0 � 1.0 on day 7; 4.7 � 1.1
ASCs per high-power field vs. 1.4 � 1.3 on day 14, p � .05).
The numbers of CD31-stained capillaries in wound sections
were also significantly increased in wounds treated with

Figure 5. Enhanced MMP expression and chemotaxis in spheroid-derived ASCs were associated with CXCR4 upregulation. (A, B):
Real-time-polymerase chain reaction (A) andWestern blot analysis (B) for MMP-9 andMMP-13 expression revealed significantly higher
MMP-9 and MMP-13 expression in spheroid-derived ASCs compared with monolayer cells, and the enhanced expression was inhibited
by adding a CXCR4 antagonist, AMD3100. �, p � .05 versus other conditions for each MMP. (C): In vitro cell migration was evaluated by
scratching confluent ASCs with a pipette tip. After 10 hours, the area of the cell-free zone covered by the migrated cells was measured.
�, p � .05 versus the monolayer condition. (D): Chemotactic assay evaluated ASC migration through 8 �m pore size Transwell inserts
toward SDF-1. Cells were stained with DAPI (green). Enhanced migration and chemotaxis of spheroid-derived ASCs compared with
monolayer cells could be inhibited by supplementing with AMD3100. Scale bars � 50 �m. �, p � .05 versus all other conditions.
Abbreviations: ASC, adipose-derived stem cell; DAPI, 4�,6-diamidino-2-phenylindole; MMP, matrix metalloproteinase; RQ, relative
quantity; SDF, stromal cell-derived factor; w, with; w/o, without.
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spheroid-derived ASCs compared with those treated with
monolayer ASCs (163� 30 vs. 71� 24 vessels per mm2 on day
7; 166 � 41 vs. 101 � 13 vessels per mm2 on day 14, p � .05).
No significant difference in capillary densities was noted be-
tween wounds treated with monolayer ASCs and PBS (Fig. 7B).
Moreover, colocalization of HNAwith two cell lineage-specific
markers was observed in wound sections to assess ASC differ-
entiation in vivo. Colocalization of HNA and CD31 immunoflu-
orescence was more prominent in wounds treated with
spheroid-derived ASCs than in those treated with monolayer
ASCs, suggesting that transplanted ASCs differentiate toward
the endothelial lineage. HNA-positive cells were also found
to colocalize with pancytokeratin immunofluorescence in
wound sections that had received spheroid-derived ASC treat-
ment, indicating that spheroid-derived ASCs contribute to the
regeneration of epidermal structures. Such HNA and pancy-
tokeratin colocalization was not seen in wounds treated with
monolayer ASCs (Fig. 7C). Higher magnification images of HNA,
CD31, and pancytokeratin immunofluorescence on day 14
wound sections are given in supplemental online Figure 2.

DISCUSSION

The 3D culture methods resulted in improved cell-cell contacts
with greater interactions between cells and the extracellularma-
trix than conventional culture methods afford, thus creating cel-
lular environments close to in vivo conditions. Significant differ-
ences in biological responses and cellular phenotypes are seen
between monolayer and 3D cell culture [16, 18, 20]. In the pres-
ent study, we further showed that the regenerative capacity of
ASCs is enhanced after short-term spheroid formation on chi-
tosan films, despite further expansion by monolayer cultures.
Spheroid-derived ASCs exhibited greater expression of pluripo-

tencymarkers Sox-2, Oct-4, and Nanog comparedwith ASCs that
were constantly cultured in monolayers. Therefore, the stem-
ness of ASCs was maintained, even though the cells were no
longer in the niche environment of a spheroid. Moreover, spher-
oid-derivedASCs exhibited higher proliferative activity. Although
ASCs cease to proliferate upon spheroid formation, later expan-
sion of dissociated spheroid cells in monolayers can yield addi-
tional progeny for therapeutic use.

We evaluated the senescence markers, including SA-�-gal
staining and p21 expression, of monolayer and spheroid-derived
ASCs after 7 and 21 days of culture. Significantly more SA-�-gal-
positive cells in the monolayer group were noted at both time
points. However, real-time PCR revealed significant downregula-
tion of p21 in spheroid-derived ASCs on day 7, but not day 21.
The data suggested that the effect of short-term spheroid cul-
ture gradually deteriorated, but it did not completely disappear
after 21 days of adherent culture. Moreover, spheroid-derived
ASCs also experienced lower senescence in a serum-free culture
environment as measured by LDH assay, which may indicate
greater survival advantages in hazardous environments for these
cells. Consequently, our animal experiment demonstrated im-
proved cellular retention if spheroid-derived ASCs were injected
into cutaneous wounds compared with a significantly lower re-
tention rate resulting fromadministration of ASCs constantly cul-
tured in monolayers.

Culturing ASCs in cellular aggregates has been shown to en-
hance the secretion of angiogenic growth factors as compared
with monolayer cultures [16]. In this study, we found that after
further expansion of spheroid-derivedASCs inmonolayers, there
was significant upregulation of VEGF and HGF, but not FGF-2. In
particular, spheroid-derived ASCs exhibited an average 2.7-fold
increase in HGF gene transcripts relative to monolayer ASCs.
ELISA also revealed a significantly greater HGF concentration in

Figure 6. Delivery of spheroid-derived ASCs enhanced cutaneous wound closure. (A): Gross pictures and wound area curves show acceler-
ated healing in wounds treated with spheroid-derived ASCs. (B): Hematoxylin and eosin staining of wound sections at day 7. A significantly
larger area of granulation tissuewas observed inwounds treatedwith spheroid-derivedASCs. Scale bars� 200�m. �,p� .05 versus the other
two groups. Abbreviations: ASC, adipose-derived stem cell; G, granulation tissue; PBS, phosphate-buffered saline.
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the spheroid-derived ASC culture medium. It has been shown
that HGF production is important for ASC potency and that HGF
mediates the proangiogenic, prosurvival, and repair promotion
activities of ASCs [21]. These in vitro findings are in agreement
with our in vivo results, indicating that wounds treated with
spheroid-derived ASCs exhibit significantly greater ASC retention
and capillary density than monolayer ASCs do.

SDF-1-mediated CXCR4 signaling plays important roles in the
migration, engraftment, and proliferation of stem cells. Cytokine
SDF-1 is released in response to hypoxia and acts as a chemoat-
tracting factor, recruiting CXCR4-expressing cells to sites of isch-
emia or injury [22]. MSCs lose their CXCR4 expression shortly
after isolation, and only a small portion of culture-expanded
MSCs are CXCR4-positive [9, 23, 24]. CulturingMSCs as 3D aggre-
gates can restore functional CXCR4 expression and consequently
regulates MSC adhesion to endothelial cells [9]. In this study, we

found that CXCR4 remained significantly upregulated in mono-
layer culture-expanded spheroid-derived ASCs. AMD3100, an
antagonist of CXCR4, inhibited the enhancedmitotic activity and
the reduced apoptosis and necrosis seen in spheroid-derived
ASCs upon exposure to H2O2. Moreover, increased in vitro mi-
gration of spheroid-derived ASCs along an SDF-1 concentration
gradient, accompanied by enhanced production of MMP-9
and MMP-13, were also partially inhibited by AMD3100. It has
been shown that CXCR4 overexpression, induced by retroviral
transduction in ASCs, showed enhanced migration and tissue
engraftment [8, 25]. The upregulation of MMP-9 in MSCs that
overexpress CXCR4 is responsible for enhanced cellular invasion
via the basement membrane and for improved remodeling of
ischemic heart tissue [26]. This report demonstrates that a short
period of spheroid formation can enhance the functional expres-
sion of CXCR4 in ASCs, circumventing the safety issue regarding

Figure 7. Enhanced cell engraftment and angiogenesis in wounds treatedwith spheroid-derived ASCs. (A):Double immunofluorescent staining of
HNA and an endothelial marker, CD31. White arrows indicate human ASCs incorporated into vasculature. (B): The ratio of HNA-positive cells was
significantly higher in the spheroid group, suggesting a higher ASC retention rate at both day 7 and day 14. Quantification of capillary density per
high-power field also revealed significantly enhanced angiogenesis in wounds treated with spheroid-derived ASCs. The numbers of capillary and
HNA-positive cellswere calculated from10 randomly selectedhigh-power fields per sample. (C):Double immunofluorescent staining ofHNAandan
epithelial marker, pancytokeratin. White arrows indicate human ASCs incorporated into the epidermal structure. Cells were counterstained with
DAPI (blue). Scale bars � 50 �m. �, p � .05 versus other groups at the same time point. Abbreviations: ASC, adipose-derived stem cell; DAPI,
4�,6-diamidino-2-phenylindole; HNA, human nuclear antigen; PBS, phosphate-buffered saline.
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gene transfection, and so is a more practical technique for clini-
cal application of CXCR4-positive ASCs.

The molecular processes that increase the expression of pluri-
potentmarkers, angiogenic growth factors, and CXCR4 in spheroid-
derived ASCs are unclear. Previous studies have shown a high cellu-
lar survival rate of MSCs within spheroids [17, 18]; thus, it is less
likely that the enhanced stemness that occurs after short-term
spheroid formation results from a selection process wherebyMSCs
with lower stemness markers are eliminated. One obvious change
upon spheroid ASC formation is the development of a hypoxic envi-
ronment in the core of each spheroid [18, 27]. HypoxicMSC cultur-
ing conditionsprevent replicative senescenceandenhanceprolifer-
ation capacity and lifespan; consequently, stem cell properties are
maintained [5]. Moreover, hypoxia-treated ASCs stimulate angio-
genesis andmaturation of newly formed blood vessels in vivo [28].
Restricting theoxygensupply toMSCs for shortperiodscan increase
their CXCR4 expression and in vivo engraftment [29]. Therefore,
hypoxia preconditioning may be a contributing factor to the
therapeutic potential of spheroid-derived ASCs. However, cellu-
lar spheroid formation also provides certain characteristics other
than hypoxia, such as a rounded cell morphology and increased
cell-cell contact area [18]. In particular, the biomaterial-medi-
ated ASC spheroid formation was suggested to own unique sub-
strate-dependent properties, rendering them different from
those generated by suspension or hanging drops [17]. Spheroid
formation on chitosan films requires no specialized culture facil-
ities, such as a hypoxic chamber, and thus provides a useful and
accessible technique to enhance the regenerative capacity of
ASCs during in vitro culture.

TransplantationofMSCs formulatedasmulticellular aggregates
provides enhanced cellular engraftment compared with that of-
fered by dissociatedMSCs [18, 27]. In a diabetic mousemodel, ASC
spheroid-treated wounds exhibited significant increases in wound
closure rate compared with wounds treated with an equal number
of ASCs delivered in suspension [20]. Notwithstanding the success-
ful application of MSC spheroids in tissue regeneration [16, 27],
there are some drawbacks associated with this technique. First, if
spheroids are too large, then core necrosis may develop, particu-
larly after injection into ischemic tissue [27]. Second, transplanta-
tion of MSC spheroids by injection may result in additional tissue
damage, because a large-bore needle is needed, and spheroids sus-
tain greater shear forces during injection, leading to cell death.
Third, inadvertent infusion of spheroids into larger vessels may re-
sult in vascular thrombosis andaggravate an existing ischemic con-
dition. This report describes a technique of using spheroid-de-
rived ASCs to enhance tissue regeneration, as an alternative to
cell therapy using spheroids to circumvent its associated difficul-
ties. Previous studies have reported improvements in wound
healing by injecting monolayer MSCs into wounds [30–32]. On
the contrary, we observed significant enhancement in wound
healing rate only after treatment with spheroid-derived ASCs.
These prior studies used 1.5–3 times as many MSCs as our injec-
tion studies used, and high levels of cell death were observed
within a few days following cell transplantation into ischemic
tissue [30, 32]. In this study, we showed that spheroid-derived
ASCs can significantly enhancewoundhealing at lower therapeu-
tic doses compared with dosages previously reported for mono-
layer ASCs.

We attribute the regenerative properties of spheroid-de-
rived ASCs to increased ASC engraftment in the wound environ-

ment throughout the repair process. Enhanced cellular retention
in the damaged tissue probably results from the increased che-
motactic capacity of spheroid-derived ASCs secondary to CXCR4
upregulation. Increased secretion of angiogenic growth factors
in the ASCs also enhances neovascularization andwound healing
in injured tissue. Moreover, ASCs also contribute to cutaneous
regeneration by spontaneous site-specific differentiation into
epithelial and endothelial lineages [15, 16]. Previous studies
have reported the differentiation of transplanted ASCs into en-
dothelial cells, keratinocytes, and pericytes within cutaneous
wounds [30, 31]. The immunofluorescent staining used in this
study revealed increased colocalization of ASCs in the presence
of CD31 and pancytokeratin immunofluorescence cells in
wounds treated with spheroid-derived ASCs, suggesting greater
capacity for transdifferentiation into endothelial and epithelial
lineages. Given our in vitro data, which demonstrate enhanced
stemness gene expression in spheroid-derivedASCs, it is possible
that these ASCs with enhanced plasticity contributed to the non-
mesenchymal cell population within healing cutaneous wounds.

CONCLUSION

Our study demonstrates the therapeutic superiority ofmonolayer-
expanded ASCs after a short period of spheroid formation, as
compared with ASCs that are constantly cultured in monolayers.
Spheroid-derived ASCs exhibited better expansion efficiency and
lower senescence during in vitro culture, and they also showed
higher expression of stemness markers, angiogenic growth fac-
tors, CXCR4, and MMPs. In a cutaneous wound model of nude
mice, we observed faster wound healing, more ASC engraft-
ment, higher capillary density, and ASC differentiation toward
nonmesenchymal lineages after intralesional injection of spher-
oid-derived ASCs. Our results suggest that short-term spheroid
formation of ASCs before monolayer expansion can nonchemi-
cally enhance their regenerative capacity by promoting stem-
ness, angiogenesis, and chemotaxis, thus providing increased
therapeutic potential for tissue regeneration.
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